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Abstract The Longitudinal Valley Fault (LVF, Taiwan) is a fast-slipping fault (∼5 cm/yr), which exhibits
both seismic and aseismic slip. Geodetic and seismological observations (1992–2010) were used to infer the
temporal evolution of fault slip. This kinematic model is used here to estimate spatial variations of steady
state velocity dependence of fault friction and to develop a simpliﬁed fully dynamic rate-and-state model
of the LVF. Based on the postseismic slip, we estimate that the rate-and-state parameter (a − b)?̄? decreases
from ∼1.2 MPa near the surface to near velocity neutral at 19 km depth. The inferred (a − b) values are
consistent with the laboratory measurements on clay-rich fault gouges comparable to the Lichi Mélange,
which borders the LVF. The dynamic model that incorporates the obtained (a − b)?̄? estimates as well as a
velocity-weakening patch with tuned rate-and-state properties produces a sequence of earthquakes with
some realistic diversity and a spatiotemporal pattern of seismic and aseismic slip similar to that inferred
from the kinematic modeling. The larger events have moment magnitude (Mw ∼6.7) similar to the 2003
Chenkung earthquake, with a range of smaller events. The model parameterization allows reproducing
partial overlap of seismic and aseismic slip before the earthquake but cannot reproduce the signiﬁcant
postseismic slip observed in the previously locked patch. We discuss factors that can improve the dynamic
model in that regard, including the possibility of temporal variations in (a − b) due to shear heating. Such
calibrated dynamic models can be used to reconcile ﬁeld observations, kinematic analysis, and laboratory
experiments and assess fault behavior.
1. Introduction
Observations of fault behavior based on seismological and geodetic observations show that within the seis-
mogenic depth range, frictional properties must vary spatially allowing for both seismic and aseismic slip
[e.g.,Obara, 2002;Miyazaki et al., 2011; Thomas et al., 2014a; Avouac, 2015;WangandBilek, 2014]. These obser-
vations, combined with numerical studies, have demonstrated that the seismic/aseismic segmentation has
a strong inﬂuence on earthquake sequences: locked segments may rupture independently or together with
neighboring patches, producing irregular seismic events of diﬀerent sizes [Kaneko et al., 2010; Dublanchet
et al., 2013; Thomas et al., 2014b]. This complex behavior arises from the interaction of stress transfer, levels
of prestress, and fault frictional properties. The southern segment of the Longitudinal Valley Fault (LVF) is an
outstanding example where such spatial variations of friction can be estimated.
The LVF (Figures 1a and 1b), which runs parallel to the east coast of Taiwan, marks the suture zone between
the Eurasian and Philippine Sea Plate [Lee et al., 1998]. It accommodates a reverse left-lateral motion, and it
is known to display both seismic and aseismic behavior at seismogenic depth. The LVF creeps near the sur-
face [e.g., Angelier et al., 1997; Chang et al., 2009; Thomas et al., 2014a], but it has also produced Mw > 6.8
earthquakes, including four events in 1951 [Shyu et al., 2007] and theMw 6.8 Chengkung earthquake of 2003
[e.g.,Wu et al., 2006a; Hsu et al., 2009]. The spatiotemporal evolution of fault slip over the 1992–2010 period
[Thomaset al., 2014a] suggests a patchwork of velocity-weakeningpatches, where the earthquakes can nucle-
ate, and velocity-strengthening patches, which produce mostly aseismic creep in the interseismic period or
during postseismic transients (Figures 1c–1e). The interseimic, coseismic, and postseismic models largely
complement each other, and, to the ﬁrst order, this simple picture compares well with theoretical models of
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Figure 1. (a) Regional tectonic setting of the Longitudinal Valley Fault. The blue rectangle indicates the location of Figure 1b. DF: deformation front; LCF:
Lishan-Chaochou Fault; and LVF: Longitudinal Valley Fault. (b) Simpliﬁed geological map of eastern Taiwan. The Coastal Range is composed of a volcanoclastic
formation (Tuluanshan), remnants of forearc basins (Takangkou), and the collision Lichi Mélange [Thomas et al., 2014c]. The grey rectangle indicates the location
of Figures 1c–1e, 2, and 4. The black star here and in Figures 1c–1e indicates the epicenter of the 2003 Mw 6.8 Chengkung earthquake. (c–e) Kinematic inversion
for the time evolution of slip on the southern section of the LVF over the period 1997–2010 (see Thomas et al. [2014a] for details). Preseismic slip distribution
model inferred from the inversion of the campaign GPS data, the cGPS, and creepmeter time series (Figure 1c). Coseismic slip distribution model of the 2003
Mw 6.8 Chengkung Earthquake inferred from the inversion of the static coseismic displacements determined at the cGPS and accelerometric stations (Figure 1d).
Postseismic slip distribution determined from the inversion of cGPS and creepmeter time series, leveling data, and permanent scatters (Figure 1e). Black curves
show contour lines of coseismic slip distribution.
earthquakes sequences based on rate-and-state friction laws, where the stability of slip on the fault is con-
trolled by the lateral and depth variation of frictional properties [e.g., Shibazaki andMatsuura, 1992; Rice and
Ben-Zion, 1996; Scholz, 1998; Lapusta et al., 2000; Kato, 2004; Duan and Oglesby, 2005; Hillers et al., 2006; Ziv
andCochard, 2006;Dieterich and Richards-Dinger, 2010; Kaneko et al., 2010; Barbot et al., 2012]. However, there
are areas of signiﬁcant overlap of seismic and postseismic slip.
Here we analyze the results of the kinematic inversion of geodetic, remote sensing, and seismological data
on the LVF [Thomas et al., 2014a] to derive some of the fault friction properties and to develop a 3-D dynamic
model of the seismic cycle on the southern section of the LVF. The expression “seismic cycle” refers here to
the recurring episodes of nucleation, propagation, and arrest of seismic slip. It does not imply a periodic
behavior. Hereafter, we ﬁrst describe in details the slip history on the LVF over the area where the 2003 earth-
quake happened. We then estimate some frictional parameters from the time series of slip at depth using an
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analytical solution [Perfettini and Avouac, 2004] and compare the results with laboratory experimental data
[den Hartog et al., 2012]. We ﬁnally use this integrative kinematic study to develop a simpliﬁed fully dynamic
model [Lapusta et al., 2000; Lapusta and Liu, 2009] of the southern section of the LVF, capable of reproducing
a long-term slip history compatible with the interseismic, coseismic, and postseismic observations collected
along this fault during the most recent seismic cycle. The model is used to assess the method of inferring the
steady state friction properties as well as to discuss the discrepancies between the observations and simple
rate-and-state models.
2. Slip History on the LVF Over the 2003 Earthquake Area
Thomas et al. [2014a] determined the time evolution of slip on the LVF over the period 1997–2010, encom-
passing the 2003 Chengkung earthquake and the preseismic and postseismic period. The results are summa-
rized in Figures 1 and 2, which provide a synoptic view of the time evolution of fault slip in the area of the
Mw 6.8 Chengkung earthquake of 2003. This section of the LVF is particularly well constrained and displays
noticeable temporal and spatial variations of slip over the study period.
The kinematic model demonstrates that a large fraction (80–90%) of the long-term slip budget on the LVF in
the 0–26 km seismogenic depth range, as deﬁned by local seismicity, is actually the result of aseismic creep
(Figure 1). The spatial pattern of aseismic creep on the LVF is heterogeneous, showing both along-dip and
along-strike variations. Creep is observed at the surface along the southern portion of the LVF, where it cor-
relates with the Lichi Mélange [Thomas et al., 2014c]. The Mw 6.8 Chenkgung earthquake of 2003 ruptured a
12 km × 16 km patch that had remained locked in the interseismic period; it extends over depths between 8
and 20 km (Figure 1c). The earthquake seems to have nucleated at the boundary of the locked zone, where
stress builds up in the interseismic period. Slip then propagated through the locked patch, and partly into
the surrounding creeping areas, but failed to rupture the surface (Figure 1d). Afterslip, due to enhanced creep
in the immediate vicinity of the rupture (Figure 1e), released a moment equivalent to 0.8 times the seismic
moment of the earthquake and decreased approximately logarithmically with time [Thomas et al., 2014a].
Figure 2 illustrates the time evolution of slip in the Chengkung earthquake area. The map view displays the
interseismic coupling (ISC), deﬁned as the ratio of interseismic slip rate deﬁcit (long-term slip rateminus inter-
seismic slip rate) over the long-term slip rate, and the time evolution of slip is plotted for six representative
patches. Time series for all the patches are displayed in the supporting information (Figures S2–S4). The ISC
quantiﬁes the degrees of locking of the LVF fault. If ISC = 1, then the fault patch is fully locked, whereas ISC = 0
means that the patch is creeping at the long-term slip rate. The cumulative slip vector at each epoch is pro-
jected onto the direction of the long-term slip vector, predicted by the block motion of the Coastal Range
relative to the Central Range determined by Thomas et al. [2014a]. The diﬀerent time series show that slip
resulted from a combination of steady creep, afterslip, and seismic slip in proportions that vary in space.
Slip distributions before, during and after the 2003 Chengkung earthquake show how seismic and aseismic
slip complement each other and sometimes overlap. The rupture extent coincides closely with the area that
remainedmostly locked in the interseismic period and relocked soon after (Figure 1). Patch 291, which lies at
a depth of about 15 km in themiddle of the area that produced the largest coseismic slip, is representative of
this locked zone (Figure 2). Based on the inversion, this patch slipped about 0.91mduring themain shock and
relocked 1 year after it. This patch is representative of the fault areawhere coseismic slip exceeded 0.60m. The
Chengkung earthquake ruptured the entire well-locked area where ISC was larger than 0.5. The surrounding
area, where coseismic slip was lower, shows both coseismic and aseismic slip (Figure 1d). The overlap, which
is most prominent at depth where the resolution of our inversions is lower, is only partially explained by the
smoothing introduced by the regularization procedure used in the inversions [Thomas et al., 2014a, Figure 5].
The shallow creeping portion of the fault (at the depths of less than about 7 km) seems to have acted as a
rather eﬀective barrier during the 2003 seismic rupture, in agreement with the absence of surface ruptures
observed in the ﬁeld [Lee et al., 2006]. For example, patches 197, 257, and 333 (Figure 2) display almost no
coseismic slip.
We also ﬁnd the along-strike and along-dip variations of interseismic creep for the LVF. Close to the surface, a
high interseismic creep rate was inferred (6.1 cm/yr) for patch 197, 5.7 cm/yr for patch 257 farther up north,
whereas patch 333 displays the smallest creep velocity (4.6 cm/yr). These diﬀerences in creep rates are likely
due to a combination of heterogeneous stresses due to prior seismic and aseismic slip and heterogeneous
frictional properties.
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Figure 2. Time series of slip on the fault from the inversions of geodetic data over the period 1997–2010 [Thomas et al., 2014a, Figure 1]. The map view displays
the coupling model on the southern section of the LVF (see Figure 1b for location), with the contour lines of the coseismic slip model (black lines) and epicenter
(star) of the 2003 Chengkung earthquake. Graphs around the map view show the time evolution of slip at six patches along the direction of the slip vector
predicted by the block motion of the Coastal Range relative to the Central Range. Blue, red, and green curves represent, respectively, the preseismic, coseismic,
and postseismic periods. The average slip rate over the preseismic and postseismic period is given. Patches 333, 257, and 197 sample the upper creeping zone.
Patch 291 is characteristic of the zone locked before the Chengkung earthquake. Patches 353 and 328 illustrate the behavior of the middle and the deeper fault
portion, respectively. Black curves correspond to the ﬁt of the retrieved patch time series, following the relaxation law as described in Perfettini et al. [2010]
(equation (5)). Figure S1 in the supporting information displays the same time series minus the preseismic slip rate. Other time series are displayed in
Figures S2–S4.
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Figure 3. Along-dip variations of slip through time, for three vertical sections on the LVF . The three panels display the cumulative slip (averaged along strike) for
the three vertical swath sections A1, A2, and A3 marked in the map view on Figure 2. Isochrons of the cumulative slip are plotted with an increment of 1 year for
the preseismic (blue) and the postseismic (green) periods; red shading shows coseismic slip due to the 2003 earthquake.
During the postseismic period, we observe an abrupt increase of the creep rate right after the earthquake,
followed by a relaxation that leads to an approximately logarithmic increase of slip with time, but at diﬀerent
rates for the three patches. Over the 7 years of afterslip, we infer that patches 333 and 257 slipped at a faster
rate after than before the Chengkung earthquake, whereas patch 197 underwent a decrease in slip velocity
(4.9 cm/yr). At larger depths, in thenorthern creeping sectionof the fault, patch 353displays a behavior similar
to that of the shallower patch 333. The higher slip velocities still observed after 7 years could be due to a
long relaxation time, or the 2006Mw 6.1 Peinan earthquake that occurred in the same area, or a combination
of both.
For thedeepest part of the fault, the spatial resolution strongly decreases [Thomasetal., 2014a]. The resolution
is typically less than 1 km near the surface and increases to about 5 km beneath the coastline, where the fault
depth is ∼20 km, and reaches gradually about 15 km at the downdip extent of the model, at the depth of
∼30 km. Patch 328 illustrates the overall behavior of the deep section of the fault. According to ourmodel, this
patch had been creeping at 4.4 cm/yr in the preseismic period, slipped during the Chengkung earthquake
(∼0.15mof coseismic slip), andwas creepingmore rapidly in the postseismic period (7.7 cm/yr), with a typical
logarithmic behavior.
It is instructive to compare the along-dip variations of slip through time, for three vertical sections: section A1
north of the locked patch, section A2 centered right on the zone of maximum coseismic slip, and section A3
located south of the locked zone (Figure 3; see Figure 2 for the location of the sections). For each section, we
average the slip along strike determined at all the patches at the same depth, within a swath spanning four
patches (3.16× 12.64 km). Then we plot the cumulative slip along dip with an increment of 1 year for the pre-
seismic and postseismic periods. The last preseismic curvewas chosen to represent the total slip accumulated
over a full year before the Chenkung earthquake, and the ﬁrst postseismic curve represents the cumulative
slip over 1 year after the main event. Therefore, the areas in red represent the slip due to the coseismic event.
The northern section A1 displays creep all over, from the surface down to the deepest patches of our inversion.
It also records some coseismic displacement, ∼13 cm at the maximum. Before the event, the shallow part
of the fault is creeping at the rate higher than the one at depth : around 6.7 cm/yr near the surface versus
∼2.7 cm/yr at 12 km depth and ∼4.8 cm/yr at depths greater than 20 km. Creep increases abruptly at the
time of the Chengkung earthquake and decreases gradually during the postseismic period. Unlike for the
preseismic period, the decrease of afterslip is more pronounced in the upper part of the fault (7.4 cm/yr on
average) than at depth (9.2 cm/yr over the 7 years of postseismic slip at 25 km depth).
The middle section A2 spans the area with the highest coupling and corresponds to the area where most of
the coseismic slip occurs. Before December 2003, this section of the fault was creeping at depths shallower
than 8 km and deeper than 17 km, though with a slower creep rate than in section A1 (∼4.3 cm/yr). In the
8–17 km depth range, the fault was ∼80% locked in the preseismic period and fully relocked nearly 1 year
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after the Chengkung earthquake. The rupture area of the 2003 earthquake coincides approximately with the
area which was locked in the preseismic period, although somewhat oﬀset to larger depths. In contrast, the
rupture hardly reaches the surface. Coseismic slip reaches a maximum of 78 cm at 14 km depth. As stated
already, the overlap of seismic and aseismic slip at depth is only partially due to the smoothing induced by the
regularization of our inversions. After the Chengkung earthquake, aseismic slip occurs at shallow depth, and
it relaxes to nearly its preseismic valuewithin a year. Increase of creep rate is also inferred at depth, but the slip
ratedoesnotquite comeback to its preseismic value after 7 years. Given the lower resolutionatdepth [Thomas
et al., 2014a], it is unclear whether this observation is really required by the data and warrants interpretation.
The southern section A3 shows a ∼8.3 cm/yr creep rate at depth shallower than 5 km before the 2003 earth-
quake. At greater depth, the fault is also creeping throughout the study period, though at a lower rate
(∼3.7 cm/yr). During the Chengkung earthquake, this section of the LVF seems to have produced some slip
with amaximumof∼42 cm and no signiﬁcant coseismic slip in the 0–7 kmdepth range. High postseismic slip
is observed at shallow depths (3–12 km) during the ﬁrst few years following themain chock, with amaximum
rate of 10.8 cm/yr around 7 km, but the creep rate rapidly slows down after 1 year. Some afterslip is inferred in
the ﬁrst year at intermediate depths (from 12 to 21 km), but the fault apparently locks up later on. The deep-
est portion of the fault (from 21 km to 30 km) roughly creep at the same rate than before the earthquake
(∼4.8 cm/yr).
Altogether, the kinematic model shows that the study area has been mostly creeping over the study period,
with the Chengkung earthquake and aftershocks accounting for at most 20% of the released moment (or
equivalent slip potency) [Thomas et al., 2014a]. Creep is nonuniform, with a deﬁcit of creep in a 10 km× 12 km
partially locked zone. The 12 km× 16 km rupture area of the Chengkung earthquake approximately coincides
with the locked fault zone, although the rupture area is broader and extends into the deeper portion of the
fault. As the ﬁrst step, our dynamicmodel (section 4) represents this fault segment as one velocity-weakening
patch embedded in a creeping zone displaying velocity-strengthening friction (see section 3 for the deﬁni-
tions). Over the 14 years of the study period, coseismic and aseismic slip do not quite even out to uniform
slip. The cumulative slip is, on average, larger than the 0.7 m that would have occurred if the fault had been
creeping at its long-term slip rate of about 4.5 cm/yr. This is consistent with the ﬁnding that the return period
of Mw 6.8 earthquakes, similar to the Chengkung earthquake, needs to be of the order of 36 years, so that
the moment released by afterslip and coseismic slip adds up to compensate the deﬁcit of the moment accu-
mulating during the interseismic period [Thomas et al., 2014a]. The kinematic model does, however, suggest
a somewhat more complicated earthquake sequence pattern than the repetition of Chengkung-like earth-
quakes. In particular, the coseismic slip and afterslip do not exactly compensate for the deﬁcit of slip observed
along the diﬀerent sections (Figure 3). Presumably, recurring earthquakes must have diﬀerent but comple-
mentary slip distributions to even out the heterogeneities of slip recorded for a single event. It is possible that
some seismic ruptures propagate into the shallow creeping fault portion. This may have happened during
the a Mw 7.1 earthquake in 1950 [Shyu et al., 2007]. So, clearly, this fault segment exhibits a richer behavior
than the mere repetition earthquake identical to the 2003 Chengkung earthquake. In spite of this complex-
ity, the kinematic model is relatively simple and compares well enough with idealized numerical earthquake
sequencemodels [e.g.,Rice, 1993; Lapustaetal., 2000; LapustaandLiu, 2009], so that aquantitative comparison
with prediction from dynamic modeling simulations is possible.
3. Estimate of Frictional Parameters of Velocity-Strengthening Patches
3.1. Method
Let us estimate frictional parameters based on the observed postseismic relaxation. We assume that the
fault obeys a rate-and-state friction law with the aging form of the state variable evolution [Dieterich, 1979;
Ruina, 1983]:
𝜏 = ?̄?f = (𝜎 − p)
[
f0 + a ln
(
V
V0
)
+ b ln
(
V0𝜃
L
)]
, (1)
d𝜃
dt
= 1 − V𝜃
L
, (2)
where 𝜏 is the shear stress, 𝜎 is the normal stress, f is the friction coeﬃcient, V is the slip velocity, p is the
pore pressure, 𝜃 is the state variable, L is the characteristic slip for state variable evolution, f0 is the value of
the friction coeﬃcient corresponding to the reference slip rate V0, and a> 0 and b> 0 are the constitutive
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parameters. At constant slip velocity V , the shear stress 𝜏 and the state variable 𝜃 evolve to their steady state
values 𝜏ss and 𝜃ss respectively:
𝜃ss(V) =
L
V
, (3)
𝜏ss = (𝜎 − p)
[
f0 + (a − b) ln
(
V
V0
)]
. (4)
Hence, the value of (a − b) deﬁnes the fault behavior at steady state: (a − b)> 0 corresponds to
velocity-strengthening (VS) frictional properties,which lead to stable slipwith the imposed loading rate,while
(a − b) < 0 deﬁnes potentially seismogenic velocity-weakening (VW) regions. We further refer to VS or VW
regions with the implicit understanding that this labeling refers to the steady state behavior.
We compare the time evolution of slip deduced from the inversions of the geodetic data with that predicted
from a velocity-strengthening friction law. We assume steady state, since the slip-at-depth time functions
retrieved from the inversions do not show the transient early increase of postseismic slip rate, which would
reﬂect the adjustment of the state variable [Perfettini and Avouac, 2007; Perfettini and Ampuero, 2008; Fukuda
et al., 2009]. In the steady state approximation, for a VS material, the friction law only depends on the slip
velocity, and the frictional stress 𝜏 increases linearly with the logarithm of the sliding velocity V . If elastic
interactions among the various creeping patches are ignored, an analytical solution can be derived [Perfettini
andAvouac, 2004], which can then be used to infer the fault friction properties, as done in a number of studies
[e.g., Perfettini et al., 2010; Hsu et al., 2006]. This model predicts that postseismic slip U(t) evolves as follows:
U(t) ≈ Vpltr ln
[
1 + V
+
Vpltr
t
]
, (5)
where tr is the relaxation time, Vpl is the long-term slip rate, and V
+ is the sliding velocity on the fault imme-
diately after the earthquake. Then, according to the rate-strengthening friction law, assuming steady state,
the frictional parameter (a − b)?̄?, where the eﬀective normal stress ?̄? = 𝜎 − p, depends on the ratio V
+
Vpl
and
static Coulomb stress change induced by the main shock, ΔCFF = Δ𝜏 − f0Δ𝜎 (with the geomechanical con-
vention that normal stress is positive in compression and friction coeﬃcient f approximated as f0) [Perfettini
and Avouac, 2004; Perfettini et al., 2010], as follows:
(a − b)?̄? = ΔCFF
ln
(
V+
Vpl
) . (6)
Using equations (5) and (6), an estimation of the parameter (a− b)?̄? can therefore be deduced by computing
the static Coulomb stress change from our coseismic model [Thomas et al., 2014a] and ﬁtting the time evolu-
tion of slip for all patches that record postseismic slip to get V+ (Figures 2 and 4). The GPS time series used in
the kinematic inversion have been corrected for the eﬀect of the 2006 Mw 6.1 Peinan earthquake [Wu et al.,
2006b; Thomas et al., 2014a]. Nevertheless to avoid any bias, we use only the inferred fault-slip motion from
11 December 2003 to 1 April 2006 to determine the frictional parameters.
3.2. Results and Discussion of Frictional Properties of the Velocity-Strengthening Patches
To derive the parameter (a − b)?̄?, we ﬁrst compute the shear and normal stress changes from our coseismic
model [Thomas et al., 2014a] using the Coulomb3 software [Lin and Stein, 2004] and then combine them into
the calculation ofΔCFF assuming a friction coeﬃcient of 0.6. Stress increase or decrease is computed on each
patch for a rake that corresponds to the direction of the slip vector predicted by the block motion of the
Coastal Range relative to the Central Range [Thomas et al., 2014a].
The fault geometry used in the kinematic inversions of Thomas et al. [2014a] follows the complex surface
fault trace to be compatible with the high spatial resolution aﬀorded by interferometric synthetic aperture
radar. However, it is improbable that variations of strike seen at the surface, where the strike is inﬂuenced by
topography and local geology, hold at depth. Therefore, we compute the change in shear and normal stresses
assuming a constant strike equal to the average fault strike (23.4∘) for all fault patches. Changes in shear stress,
normal stress, and Coulomb stress are displayed in Figure 4.
The parameter (a − b)?̄? estimated from equation (6) is plotted in Figure 4d. Only patches that show accel-
erated creep after the Chengkung earthquake, as well as a positive Coulomb stress change, were selected.
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Figure 4. Changes in (a) shear stress, (b) normal stress (positive in unclamping), and (c) Coulomb stress (ΔCFF = Δ𝜏 + 0.6Δ𝜎), from the coseismic model by
Thomas et al. [2014a]. Black curves show contour lines of coseismic slip distribution. Frictional parameters (d) (a − b)?̄?, (e) (a − b) assuming overburden minus
hydrostatic pore pressure, and (f ) relaxation time tr predicted from the velocity-strengthening friction law (equation (5)). Only patches that show accelerated
creep after the Chengkung, earthquake as well as a positive Coulomb stress change, were selected.
The friction parameter (a− b) can then be computed assuming the eﬀective normal stress is known. The typ-
ical assumption is to calculate the distribution of eﬀective normal stress ?̄? with depth assuming hydrostatic
pore pressure and a rock density of 2700 kg/m3. We use this approach in this section (Figures 4 and 5) and
then revisit the inferred (a − b) values with a diﬀerent eﬀective normal stress distribution suggested by our
dynamic modeling in section 4.4. The frictional parameter (a − b) varies with depth from 0.018 near the sur-
face (Figure 4e) to less than 0.001 at depth larger than 19 km. The (a − b) values obtained at shallow depth
(> 7 km) from our inversion compare well with the estimated values of 0.013 before the Chengkung earth-
quake and 0.0066 after the main event, derived from the modeling of seasonal variations of slip rate induced
by pore ﬂuid pressure variations [Chang et al., 2009].
We thus observe a general trend toward larger (a − b) values near the surface. Note that our estimated
(a − b) values are comparable to the values obtained in laboratory experiments for illite-rich lithology, sim-
ilar in lithology to the Lichi Mélange, and assumed to be representative of subduction mélanges in general
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Figure 5. (a–c) Along-dip variations of frictional parameters (a − b) predicted from a velocity-strengthening friction law (equation (6), with f0 = 0.6 and the
eﬀective normal stress given by overburden minus hydrostatic pore pressure) for patches within swath sections A3, A2, and A1, respectively (see Figure 4d for
location). Dots correspond to values computed based on the time series of one single patch, whereas the lines correspond to an average value within the swath.
We averaged the time series for patches at the same depth when they meet the criteria of a positive Coulomb stress change. Then we apply equation (5)
on the averaged time series. Negative values of (a − b) (open circles) are hypothetical and based on the coupling model (map view in Figure 2): if the patch is
locked (ISC > 0.8), we assume that the friction law is velocity weakening. (d) Downdip variations of the averaged (a − b) with temperature based on the
thermokinematic model of Simoes et al. [2007]. Green, blue, and pink lines correspond the values obtained for sections A3, A2, and A1, respectively. Black
triangles are the (a − b) values obtained in laboratory experiments for illite-rich lithology [den Hartog et al., 2012]. The orange boxes highlight the temperature
at which illite-gouge displays VW behavior.
[den Hartog et al., 2012; Ikari et al., 2011]. If we plot the estimated values against the temperature distribution
derived from the thermokinematicmodel of Simoes et al. [2007] (Figure 5d), we observe a trend similar to that
observed experimentally on illite-rich gouges [den Hartog et al., 2012], most convincingly for section A2. In
particular, the patches inferred to be VW (ISC > 0.8) fall into the 250–400∘C range for which the VW behav-
ior is observed in the laboratory. So the temperature may well be the factor explaining depth variations of
frictional properties, at least for the section A2: from VS at 150–250∘C to VW at 250–370∘C and VS again for
temperatures higher than 380∘C. At depth greater than 20 km, (a − b) stays small implying a nearly velocity
neutral friction. These values are smaller than expected from laboratory experiments. As previously under-
lined, for the deepest part of the fault, the spatial resolution strongly decreases. At depth greater than 20 km
the resolution typically decreases from 5 to 15 km at the downdip extent of the model. Hence, the coseimic
model is smoother, which potentially leads to a smallerΔCFF and underestimation of a − b (equation (6)).
We conﬁrmed the robustness of the results by varying (1) the smoothing applied in the kinematic inversion
of coseismic slip and (2) the value of the friction coeﬃcient used in equation (6), with f0 = 0.6, 0.4 and 0.0. The
last case (f0 = 0.0) is the end-member of a range of potential situations with low friction coeﬃcient which are
characteristic of someof the velocity-strengtheningminerals. Results are displayed in the supporting informa-
tion for comparison (Figures S5–S7). Note that the inferred values at depthmay be aﬀected by the decreasing
resolution of our kinematic inversion [Thomas et al., 2014a].
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Note, however, that the thermokinematic model is not well constrained for the LVF, given the lack of thermo-
metric and thermochronological data from the Coastal Range. Moreover, the variation in temperature fails to
explain the observed lateral variations in friction parameter (a − b), since thermal gradient is probably quite
uniform along strike on the LVF. An alternative or additional explanation for the variations in (a−b) can be the
presence of competent blocks [Fagereng and Sibson, 2010], which can be kilometer size in the Lichi Mélange
[Teng, 1980; Teng et al., 1988], or signiﬁcant and chronic ﬂuid overpressure that leads to creep even if the fric-
tion coeﬃcient is VW. To summarize, the comparison of our results with experimental laboratory studies, with
regard to the order of magnitude of the rate dependency of friction for a clay-rich fault zone, suggests that
the temperature could at least partly explain the observed variations of slip stability.
3.3. Fault Areas Showing Both Seismic and Aseismic Behavior
While the slip distributions before, during, and after the 2003 Chengkung earthquake show that seismic and
aseismic slip are largely complementary, there are some signiﬁcant overlaps. In particular, we identify two
diﬀerent areas for which the potential physical mechanisms are discussed in the following sections.
In the southernmost section of the fault, few patches near the surface (section A3) display both coseismic
slip motion up to 25 cm and large afterslip, with a typical logarithmic behavior (blue polygon in Figure 1e).
Consequently, the negative ΔCFF obtained for a long-term fault rake (Figure 4c) is not consistent with the
observed postseismic slip. This part of the fault is actually located slightly up north of the area where a joint
analysis of leveling and GPSmeasurements have highlighted two active fault branches for the LVF, the Luyeh
fault, and the Lichi fault [Chen et al., 2012]. This subdivision could lead to a slip partitioning. In fact, if we
consider the strike-slip and dip-slipmotion separately (Figures 6a and 6d) and compute theΔCFF for a rake of
0∘ and 90∘, respectively (Figures 6b and 6e), the fault behavior is easier to explain. Most of the postseismic slip
motion is actually strike slip, and the predicted ΔCFF for a rake of 0∘ on those patches is positive. Therefore,
one can imagine that along the southernmost section of the fault, near the fault tip, the behavior is more
complex, with two active fault branches that our geodetic data set could not resolve spatially but which have
an impact on the computationof theΔCFF. The correspondingparameter (a−b)?̄? estimated fromequation (6)
is plotted in Figures 6c and 6f. The friction parameter (a − b), computed by assuming a distribution of ?̄?, is
displayed in the supporting information (Figure S8).
We also observe afterslip within the rupture area of the Chenkung earthquake which was ∼80% locked in
the preseismic period (Figure 3). For this area, the explanation based on slip partitioning developed above
appears unlikely. First, there is no evidence of fault branching at the surface, although such evidence could
be missed. Second, unlike for the southernmost part of the fault, this area displays the dip-slip and strike-slip
components for both coseismic and postseismic slip and consequently shows a negative ΔCFF for a rake of
0∘ as well as for a rake of 90∘ (Figure 6). The potential physical mechanisms that can explain the overlap in this
region are discussed in details in section 5.
4. Dynamic Modeling of Earthquake Sequences
The analysis in section 3 is based on the analytical formulation derived from the equation of motion of a 1
degree of freedomspring-and-slider system. Itmaybe too simplistic, in particular, because it ignores the inter-
actions between neighboring patches due to elastic stress transfer. In addition, the analysis does not provide
any insight on the properties of the VWpatch that governs the characteristics of the seismic events, including
the coseismic stress drop and their return period. We therefore carry out numerical fully dynamic simula-
tions of earthquake sequences and slow slip to qualitatively reproduce the wide range of observations for
the southern segment of the LVF. Themodel setup is designed based on the kinematic model summarized in
Figures 1 and 3.We follow an approach similar to that of Barbot et al. [2012]whodeveloped amodel calibrated
to reproduce the earthquakes sequences and slow slip on the Parkﬁeld segment of the San Andreas Fault. As
discussed by Thomas et al. [2014b], a quasi-dynamic approximation would be less costly but the inferences
made could be biased. We therefore conduct only fully dynamic simulations.
4.1. Modeling Approach
Our simulations are conducted using the BICycle (Boundary Integral Cycles of Earthquakes) program based
on the methodological developments by Lapusta et al. [2000], Lapusta and Liu [2009], and Noda and Lapusta
[2010]. The computational approach uses a boundary-integral method in the Fourier domain that allows to
concomitantlymodel slow (interseismic, postseismic, andnucleation) and fast (coseismic) fault slip. Themodel
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Figure 6. Postseismic (a) dip-slip and (d) strike-slip distribution of slip rates determined from the inversion of cGPS and creepmeter time series, leveling data,
and permanent scatters. Black curves show contour lines of coseismic slip distribution. (b and e) Changes in Coulomb stress (ΔCFF = Δ𝜏 + 0.6Δ𝜎) due to the
coseismic model by Thomas et al. [2014a] for the rake of 90∘ and 0∘, respectively. (c and f) The corresponding frictional parameters (a − b)?̄? predicted from the
velocity-strengthening friction law (equation (5)). Only patches that show both accelerated creep after the Chengkung earthquake and a positive Coulomb stress
change were selected.
assumes a planar thrust fault segment embedded into a uniform, isotropic, elastic medium, loaded at the
average long-termslip rate on the fault (5 cm/yr) andgovernedby the rate-and-state friction laws. Themethod
does not allow to include the free surface for thrust faults or complex geometry, but their eﬀects are partially
incorporated by deﬁning the eﬀective normal stress distribution with depth. To account for the listric shape
of the LVF, the z axis of the models corresponds to distance along dip, hereafter referred as the “equivalent
depth” (zeq), rather than the “true” depth z of our model:
zeq = −0.008z2 + 0.999z − 0.292, (7)
where z and zeq are in kilometers.
Slip evolution is controlled by the fault frictional properties and the eﬀective normal stress distribution. Here
we assume that a patchwith VW friction (a−b < 0), where seismic slip can nucleate, is embedded in a VS area.
We explore the response of two kinds of models, with diﬀerent distributions of the eﬀective normal stress
(Figure 7) and (a − b)with depth.
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Figure 7. Eﬀective normal stress distribution
assumed for the kinematic analysis (blue curve,
hydrostatic pore pressure), for the model A
(green) and the model B (red, dotted line).
In model A, the eﬀective normal stress increases with depth
according to the following:
?̄? = zeq (𝜌g (1 − 𝜆)) . (8)
This distribution follows the listric shape of the LVF and corre-
sponds to ﬂuid overpressure of 𝜆 = 0.86. Note that the kine-
matic modeling is interpreted in section 3 using a higher
eﬀective normal stress corresponding to hydrostatic pore
pressure. However, our dynamic modeling shows that such
high values would be incompatible with the experimental
measurements of rock friction, as discussed in the following.
Furthermore, they are diﬃcult to explore numerically, as they
result in small cohesive zone sizes at the rupture tip for
the typical values of the rate-and-state parameter b [Liu and
Lapusta, 2008], requiring spatial resolution thatwouldprevent
the 3-D modeling presented here. The frictional properties
of the VS area vary smoothly for simplicity, as the point of
the model is to simulate the large-scale features of the fault
behavior. Based on the kinematic study of section 3, we apply
the value of a − b = 0.0066 in the VS zone bordering the VW
patch and increase it to a − b = 0.01 farther away from the
patch, including near the surface (Figure 8a). The transition
fromvelocityweakening to velocity strengthening is assumed
smoother at depth, to potentially favor overlap of seismic and
aseismic slip. The spatial distribution of (a − b) used in this
dynamic model A in VS areas is similar to the kinematic analy-
sis, but (a−b)?̄? is smaller (Figure 8b). The values of (a−b) in the
VW patch are constrained by the dynamic modeling and its
comparison with the seismic history, as discussed in the next
section.
Model B puts together the inferences of (a−b)?̄? from the kinematicmodel for the VS areas and fromdynamic
model A for theVWpatchwith the simplest eﬀective normal stress distribution thatmakes the resulting values
of (a − b) correspond to the laboratory measurements reported in Figure 5d. It turns out that the suitable
eﬀective normal stress distribution follows the overburden minus hydrostatic pore pressure to 11 km depth
and then stays constant at∼150MPa (Figure 7). Such an eﬀective stress distribution, which implies increasing
ﬂuid overpressure with depth, has been advocated for a number of fault zones [Suppe, 2014].
In bothmodels, the reference friction coeﬃcient f0 = 0.6 is constant over the fault; the choice of f0 only aﬀects
the average stress level on the fault. The prestress 𝜏0 is assumed to be equal to the steady state value at plate
rate, except for one locationwhere 𝜏0 is slightly increasedover a 1×1 km2 patch, at the right bottomboundary
between the VS and VW regions. This setup promotes the nucleation of the ﬁrst event. More details about the
elastodynamic relations and the constitutive laws can be found in Thomas et al. [2014b] and in Lapusta and
Liu [2009].
4.2. Constraining Properties of the Velocity-Weakening Region
The rate-and-state parameters of the velocity-weakening region are constrained using dynamic model A
(Figure 8); they are adjusted to reproduce approximately the seismic kinematic observations, based on the
analysis presented in the previous section. Note that the seismogenic region is represented in the model
by the standard logarithmic rate-and-state friction (section 3.1) only; this is a convenient conceptual frame-
work that allows us to reproduce seismic events with realistic slip rates, rupture speeds, and stress drops and
hence to study the interaction between seismic and aseismic slip [e.g., Barbot et al., 2012]. However, ample
experimental evidence indicates that enhanced coseismic weakening may be acting during fast seismic slip,
e.g., due to shear heating Platt et al. [2014]. In fact, our estimates of shear heating (section 5) indicate that
dynamic friction coeﬃcients of the order of 0.1 or lower are needed to avoid wholesale melting of the shear-
ing layer, which would indicate signiﬁcant weakening from the typical rate-and-state friction coeﬃcients of
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Figure 8. Fault model A and simulations of earthquake sequences, with gradual transition of (a − b) at depth.
(a) Variation of the rate-and-state parameter (a − b). (b) Along-dip variation of (a − b)?̄?. For Figures 8a and 8b the blue,
red, and black curves correspond, respectively, to the kinematic analysis (swath A2), the dynamic model, and the
laboratory experiment [den Hartog et al., 2012]. (c) Catalogue of simulated seismic events. (d and e) Cumulative slip on
the fault for two depth proﬁles, one in the middle of the fault (Figure 8e) and one on the left side (Figure 8d). See
Figure 8b for the locations. Red lines are plotted every 2 s when the maximum slip velocity on the fault exceeds 1 mm/s,
while blue lines plotted every 5 years illustrate the aseismic behavior of the fault. The slip is plotted on the fault after
the ﬁrst large (Mw > 6.5) event for both proﬁles.
0.6. Even at such lower dynamic resistance, the temperatures are still predicted to increase by several hun-
dreds of degrees, making shear heatingmechanisms such as ﬂash heating and thermal pressurization of pore
ﬂuids [e.g., Rice, 2006] quite plausible. If the melting is allowed to occur, that itself would result in signiﬁcant
weakening [Platt et al., 2014]. The eﬀects of the enhanced coseismic weakening, which can also act in the
velocity-strengthening areas [Noda and Lapusta, 2013; Jiang and Lapusta, 2016], on the interaction between
seismic and aseismic slip need to be more fully examined. In this work, as the ﬁrst step of building a fully
dynamic model and exploring basic seismic/aseismic slip interactions, we use the standard rate-and-state
friction only.
The choice of the characteristic slip L is governed by the following consideration. The kinematic model
displays uneven slip accumulation along sections A2 and A3 (Figure 3), suggesting a somewhat more com-
plicated earthquake sequence than the repetition of Chengkung-like earthquakes. Relatively large value of
the rate-and-state nucleation size, compared to the size of the VW patch, prevents generating smaller size
earthquakes; the nucleation size is given by the following:
h∗ = 𝜋
2
G∗bL
(b − a)2?̄?
, (9)
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Figure 9. Catalogue of simulated seismic events for numerical models sharing the same set of parameters other than
the characteristic slip L. (a) Numerical models of type A. For these two models, (a − b) = −0.005 in the VW patch.
(b) Numerical models of type B. For these two models, (a − b) = −0.0035 in the VW patch. Red stars correspond to the
models with L = 4 mm, the green squares, to the model with L = 3 mm, and the blue dots represent the models with
L = 2 mm. The simulation with L = 2 mm for model B is run for a shorter time, due to the numerical expense of
simulating multiple small events.
where G∗ is equal to the shear modulus G for mode III and G∕(1 − 𝜈) for mode II [Rubin and Ampuero, 2005;
Lapusta and Liu, 2009]. Therefore, given the distribution of (a−b) and eﬀective normal stress, one can choose
the value of L to introduce some complexities. Note that L cannot be too small for the problem to be numer-
ically tractable. For L = 4 mm, the dynamic model predicts a relatively simple earthquake sequence with
the quasiperiodic return of similar earthquakes, rupturing the whole VW patch (Figure 9). A lower value of
L = 2 mm allows for more complexity and more diversity in the slip distributions (Figures 8d and 9). This
choice yields a nucleation size h∗ varying from 400 m to 5.0 km in the VW patch, depending on the depth.
The frictional parameter (a − b) within the VW zone is adjusted so that ruptures of the whole patch would
produce Mw 6.7 earthquakes with a return period comparable to our estimate of the return period of the
Chengkung-type earthquake on the LVF, i.e., 34 years based on the kinematic study or 36 years based on the
seismic catalog [Thomas et al., 2014a]. The return period T can be estimated as [Barbot et al., 2012]:
T = (b − a)
̄𝜎W
GVr
ln
( Vco
V int
)
, (10)
whereW = 12 km is the width of the VW patch, G is the shear modulus (30 GPa), Vco = 1 m/s is the coseismic
slip velocity, V int = 10−10 m/s is the interseismic velocity and Vr = 50mm/yr is the long-term velocity inferred
from the kinematic inversion. If we take a mean value of 75 MPa for the eﬀective normal stress, equation (10)
suggests that (a−b) = −0.005 should correspond to the observed T of∼ 35 years. This is indeedwhatwe ﬁnd
in a simulationwith L = 4mm, yet the return period ofMw > = 6.5 events increases by∼23% for the casewith
L = 2mm. Note that equation (10) does not depend on L; it was derived assuming that the recurrence interval
is controlled by the time needed to reload the entire fault segment by the representative stress drop, as an
approximation to provide general guidance for parameter selection. However, the recurrence period is also
controlled by nucleation: a smaller nucleation size leads to more frequent nucleation attempts (with some of
the required stress increases for rupture propagation reached due to dynamic stress transfers) as well asmore
complexity and diversity in the slip distributions andmagnitude of events. This is indeedwhat we observe for
L=2 mm. In addition to the larger recurrence time of MW =6.5 events than for the case with L=4 mm, the
model produces largest events of smaller magnitude,Mw = 6.5 instead of 6.7, as well as a range of additional
much smaller events. To reach the rightmagnitude and recurrence timeof the largest events in the simulation,
we decrease (a − b) to −0.0075.
Figure 10 displays the simulation of oneMw 6.6 earthquake (event 5 in Figure 8e) that includes the nucleation
at the transition between the locked patch and the creeping section, followed by the downdip propagation
of the seismic event. The scenario also displays the early stage of accelerated creep during the postseismic
period which emphasize the dual seismic/aseismic behavior that sections on the fault might undergo.
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Figure 10. Slip velocity snapshots for a Mw 6.6 earthquake (event 5 in Figure 8e). Rupture nucleates spontaneously at the transition between the locked patch
and the creeping section, propagates downdip, rupturing the whole VW patch, and is followed by a postseismic phase.
To summarize, the model with a VW patch of (a − b) = −0.075 and L = 2 mm leads to an average return
period of 34.8 years for the largest events ranging from Mw 6.6 to 6.7 (Figure 8c). The model also allows the
rupture to propagate downdip in the VS area but less so at shallow depth where the transition from VW to
VS is more abrupt. We do note that some earthquakes occasionally rupture all the way to the surface (event 7
in Figure 8e), as it may have happened on the Longitudinal Valley Fault in 1951 [Shyu et al., 2007]. We cau-
tion that this propagation all the way to the free surface is facilitated by the lower values of (a − b)?̄? in this
model compared to the kinematic estimates. Model B, which incorporates the kinematic values, does not
showsuchpropagation. However, it alsodoesnot incorporateproperly the free surface,whichwouldpromote
near-surface rupture [Kozdon and Dunham, 2013].
Lastly, the distribution of the frictional parameters together with a diversity in the coseismic events (Mw rang-
ing from 2.2 to 6.9) leads to a complex creeping pattern, with variable creeping rates similar to the kinematic
model described in section 2. We discuss this pattern further for model B in section 4.4.
4.3. Veriﬁcation of the Kinematic Approach to Estimate (a− b)?̄? in VS Areas
The dynamic models can be used to evaluate the analytical approach described in section 3 that allows to
estimate the (a−b)?̄? parameters of the creeping sections of the LVF (Figure 5). To test the analytical approach,
we ﬁrst extract the time series of slip displacement on the simulated fault at two locations in the VS zone
(Figure 11), patch VSM at 15 km depth in the middle of VS and patch VSU is the upper creeping section
right above the locked patch (at 3.5 km depth). We then infer the parameter (a − b)?̄? or, equivalently using
the known ?̄? from the model, the friction property (a − b) that would allow to match quantitatively the
observed postseismic relaxation based on equations (5) and (6) for seven earthquakes ofMw ≥ 6.3. We esti-
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Figure 11. Time series of fault slip derived from our best dynamic model for points (a) VSU and (b) VSM (see Figure 8a
for location). Accumulation of slip with time is plotted for seven events of Mw ≥ 6.3 (red), with 2.5 years of presesimic
slip (blue) and 2.5 years of postseismic slip (green). Black curves correspond to the ﬁt of the retrieved time series,
following the relaxation law as described in Perfettini et al. [2010] (equation (5)). Mean derived (a − b) value and
relaxation time tr , with their corresponding standard deviation, are given for the two points.
mate (a − b) = 0.0064 ± 0.0011 and (a − b) = 0.0068 ± 0.0024 for patches VSM and VSU, respectively, with
the known input values of 0.0066 and 0.005. For both patches, the analytical approach returns values compa-
rable to the assigned ones, with a better ﬁt for the VSM patch. The discrepancy, which approaches 35% in the
VSU patch, is likely due to the assumptions of the analytical approach, which (1) considers two steady state
conditions on the fault to relate the earthquake-induced stress change to the resulting postseismic slip
through (a − b) only and (2) ignores any stress transfers due to spatially inhomogeneous postseismic slip.
However, in general, a fault segment may not be in steady state at the time of the stress perturbation
due to earthquake, especially for patches like VSU that records both aseismic and seismic displacement.
Furthermore, the postseismic slipwould be largest in the areas closest to the earthquake, decaying away from
the earthquake, and that would result in stress transfers and postseismic slip propagation [e.g., Jiang and
Lapusta, 2016]. In our fully dynamic simulations, both eﬀects are present. Such simulations can help devise
better estimation techniques for rate-and-state parameters based on postseismic slip, especially in regions of
seismic/postseismic slip overlap.
4.4. Dynamic model B Consistent With Kinematic Estimates
The dynamic modeling of section 4.2 established that the average values of (a − b)?̄? in the VW patch that
reproduce the observed seismic behavior of the LVF are about−0.4 MPa. If the overburdenminus hydrostatic
pore pressure is assumed for the eﬀective normal stress distribution, such values of (a−b)?̄?would correspond
to thevaluesof (a−b)whichare anorder ofmagnitude smaller than theexperimentalmeasurements reported
in Figure 5. At the same time, reducing the eﬀective normal stress everywhere, as done in model A, while
keeping the values of (a−b) similar to the laboratory ones, results in values of (a−b)?̄? in the shallowVS region
of model A which are much smaller than our kinematic estimates.
This suggests that the eﬀective stress in the shallow depth indeed follows the overburden minus hydro-
static pore pressure but becomes smaller than that in the deeper portions of the fault. The simplest such
distribution would make the eﬀective normal stress constant below a certain depth. This is exactly what we
assume in model B (Figure 7). The corresponding depth distribution of (a − b) is computed to match the
kinematic/dynamic estimates of (a−b)?̄? for the VS/VW areas from sections 3 and 4.2, respectively. The result-
ing distribution of (a − b) is a close match for the laboratory measurements in the shallow VS and in the VW
regions (Figure 12). In the deeper VS region, these kinematically based values of (a − b) are lower than the
experimental measurements. (An alternativemodel, which can be explored in future work, would assume the
laboratory-based values of (a−b) in the deeper velocity-strengthening region aswell and adjust the eﬀective
normal stress there to very low values consistent with the near-zero kinematic values of (a − b)?̄?, implying
even more severe ﬂuid overpressure at larger depths.)
Model B successfully reproduces the seismic observations for the LVF (Figures 9 and 12). With a VW patch of
(a − b) = −0.0035 and L = 3 mm, it leads to an average return period of 34.2 years for the largest events
ranging fromMw 6.5 to 6.9. Themodel also featuresmore small events for smaller values of L and fewer smaller
events for large values of L, with the corresponding eﬀects on the recurrence period of the largest events, as
discussed for model A (Figure 9). Consistently with the higher values of (a − b)?̄? near the free surface in this
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Figure 12. Fault model B and simulations of earthquake sequences, with gradual transition of (a − b) at depth.
(a) Variation of the rate-and-state parameter (a − b). (b) Along-dip variation of (a − b)?̄?. For Figures 12a and 12b the
blue, red, and black curves correspond, respectively, to the kinematic analysis (swath A2), the dynamic model, and the
laboratory experiment [den Hartog et al., 2012]. (c) Catalogue of simulated seismic events. (d and e) Cumulative slip on
the fault for two depth proﬁles, one in the middle of the fault (Figure 12e) and one on the left side (Figure 12d). See
Figure 12b for the locations. Red lines are plotted every 2 s when the maximum slip velocity on the fault exceeds
1 mm/s, while blue lines plotted every 5 years illustrate the aseismic behavior of the fault. The slip is plotted on the
fault after the ﬁrst large (Mw > 6.5) event for both proﬁles.
model compared to model A, the postseismic slip is reduced in those regions. The occasional propagation of
large events to the free surface is also suppressed in this model, but the inclusion of true free surface would
promote dynamic rupture, potentially allowing such propagation even for the higher (a−b)?̄? values assumed
in model B.
The overall pattern of preseismic and postseismic slip is well reproduced by model B, as illustrated by com-
parison with the kinematic model for two cross sections (Figure S9). However, model B still fails to reproduce
the observed overlap of seismic and aseismic slip.
5. Possible Causes of Seismic/Postseismic Slip Overlap
As mentioned in section 2, along fault section A2, signiﬁcant aseismic afterslip is observed at the bottom of
the rupture area of the Chenkung earthquake, which was ∼ 80% locked in the preseismic period (Figure 3).
Similar overlap between coseismic and postseismic slip has also been observed for the Maule earthquake
[Bedford et al., 2013]. However, with the frictional law used in our dynamic models, we cannot fully reproduce
such feature. Seismic slip in the models is mostly restricted to the VW area of the model. The simulations do
THOMAS ET AL. RATE-AND-STATE FRICTION PROPERTIES OF THE LVF 3131
Journal of Geophysical Research: Solid Earth 10.1002/2016JB013615
produce aseismic slip within the VW area in the preseismic period, due to “erosion” of the locked zone, but
they do not produce aseismic afterslip within the VW area during the following year (Figure 10).
We propose that the overlap in the VW area may occur due to shear heating-induced transient change of
rate-and-state properties from VW to VS as discussed below. Some areas of the overlap between seismic and
aseismic slip display a negative stress change ΔCFF. However, slip in the 2003 Chengkung earthquake may
not have completely released the accumulated stress on the fault. In fact, in most dynamic models, including
the ones presented here, only a fraction of shear stress is released due to a dynamic event (see Figure S10
in the supporting information). Hence, it is still possible to release stress by aseismic slip. In the areas of the
negativeΔCFF, the overall frictional strength after the seismic slip would also need to be reduced, either due
to increased ﬂuid pressure or lower reference friction coeﬃcient, so that the state of stress after the seismic
slip would still be elevated with respect to the stress needed to slide at the plate rate, causing the elevated
postseismic slip rates.
The dependence of quasi-static (slow-rate) friction properties on bulk temperature has been well estab-
lished [He et al., 2007; Blanpied et al., 1991, 1995; King andMarone, 2012; den Hartog et al., 2012; Niemeijer and
Collettini, 2014; Verberne et al., 2014]. Typically, at high enough temperatures, the rate-and-state properties
transition from VW to VS, the feature often encapsulated in the depth dependence of friction properties as
alsodone inourdynamicmodels.Wehypothesize that such transition fromVWtoVS canalso transiently occur
within the VW region due to coseismic shear heating. The (rapid) coseismic shear heating is often invoked
in conjunction with (rapid) enhanced coseismic weakening (section 4.2). However, there could be an addi-
tional longer-term consequence, in the form of the evolution in the rate-and-state parameter (a − b) with
heat diﬀusion.
We test the plausibility of this hypothesis by (1) considering two simpliﬁed estimates of the temperature
changes induced by seismic slip of the 2003 earthquake and then (2) using laboratory studies to deter-
mine the associated potential changes in (a − b). There is a lot of uncertainty in estimating relevant
fault properties, but our goal is to see whether reasonable assumptions would lead to temperature changes
of the order of several hundreds of degrees, as would be needed to aﬀect a signiﬁcant change in (a − b).
Following Rice [2006], we assume that all dissipated energy turns into heat. This is an approximation, since
some dissipated energy goes into creation of oﬀ-fault inelastic deformation such as damage [e.g., Froment
et al., 2014], as well as to creation of new surfaces within the shearing layer; we assume that dissipation due to
heat dominates.
To obtain the ﬁrst estimate, we further assume that the heat is generated during uniform shear over a fault
core of thickness h at the constant (dynamic) shear stress 𝜏d and ignore the diﬀusion of heat; the change in
temperature due to coseismic slip can then be computed as follows:
ΔTco(z) =
𝜏d𝛿(z)
𝜌ch
, (11)
where 𝜌c is the speciﬁc heat per unit volume and 𝛿(z) is the amount of coseismic slip. We use a representa-
tive value of 𝜌c ≈ 2.7 MPa/∘C [Rice, 2006] and 𝛿(z) corresponding to the coseismic slip proﬁle on section A2.
We take 12 km as a representative centroidal depth of the slipping area, which leads to an eﬀective normal
stress of ∼ 190 MPa, assuming a hydrostatic pore pressure and a rock density of 2700 kg/m3. There is a lot
of uncertainty in the dynamic resistance 𝜏d and shear zone thickness h; the shear resistance can, in principle,
vary from the one motivated by the friction coeﬃcient of 0.6 to near-zero values due to thermal pressuriza-
tion. Motivated by laboratory experiments at high slip rates, we use the dynamic friction coeﬃcient of 0.1
[Wibberley et al., 2008], leading to 𝜏d = 19 MPa. The shear zone thickness can be less than a millimeter
due to localization of shear slip within the gouge layer [e.g., Chester et al., 2004], and we consider such
a case later. The upper estimate of the shear zone thickness is of the order of a centimeter, and we use
h = 2 cm here. Such a “thick” layer is also consistent with the assumption of negligible heat diﬀusion
during seismic slip [e.g., Rice, 2006]. The coseismic temperature change at 15 km depth is then given by
(19 MPa × 0.79 m)/(2.7 MPa/∘C × 0.02 m) = 278∘C. As mentioned, there is a signiﬁcant uncertainty in this esti-
mate, but it shows that such temperature changes are plausible. If we use a narrower shear layer, or a higher
coseismic friction coeﬃcient, then this estimate of temperature change increases.
For the second estimate, we use themodel of Rice [2006] of slip on a planewith thermal pressurization of pore
ﬂuids and oﬀ-fault diﬀusion of heat and ﬂuids, targeting the regime inwhich the shear zone ismuch narrower
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Figure 13. (a) Cumulative slip with depth on section A2 of the LVF, derived from kinematic inversion of geodetic data
[Thomas et al., 2014a]. Isochrons of preseismic and postseismic slip are plotted every year (blue), whereas red shading
corresponds to the 2003 earthquake. (b) Evolution of temperature with time along the fault plane. The preseismic
temperature distribution based on Simoes et al. [2007] (black dashed line) is added to the estimated temperature
increase due to shear heating during the 2003 earthquake, resulting in the temperature distribution immediately after
the earthquake (red line). Then the temperature evolves through oﬀ-fault diﬀusion of heat. (c) The corresponding
evolution of rate-and-state parameter (a − b) with time. (a(T) − b(T)) is determined for each temperature proﬁle, based
on laboratory data [den Hartog et al., 2012]. Dashed line corresponds to the (a − b) proﬁle before the event. (d) The
corresponding extent of the VW zone with time.
than the 2 cm assumed in the ﬁrst estimate. As shown in Rice [2006], for slips large relative to the characteristic
weakeningdistance L∗ deﬁned in thatwork (which ranges from1 to 50mm for reasonablemodel parameters),
the temperature rise is determined by the initial (preseismic) eﬀective normal stress, oﬀ-fault thermal and
hydraulic diﬀusivity, and undrained pressurization factor, resulting in values of ∼300∘C or more for typical
fault properties, depending on the assumption about hydraulic diﬀusivity, the most uncertain parameter.
Hence, both estimates suggest temperature changes in the actively shearing layer of ∼300∘C or more. To
estimate the eﬀect of such temperature increases on the value of (a − b), we proceed with estimate (1), for
simplicity. We compute the new temperature proﬁle T(z, t = 0), where t = 0 corresponds to the time right
after the cosesimic event, by addingΔTco(z) to Tgeo(z), given by the local geotherm [Simoes et al., 2007]. Note
that this is not exactly correct as the local geotherm should be deﬁned as the long-term average temperature.
Finally, interpolating the laboratory results from denHartogetal. [2012], we candetermine a new (a−b)proﬁle
based on T(z, t = 0) (red curve in Figure 13b).
To approximately solve for the evolution of temperature over the postseismic period, we consider the oﬀ-fault
heat diﬀusion. The energy equation can be written as follows [Carslaw and Jaeger, 1959]:
𝜕T(z, y, t)
𝜕t
= 𝛼th
𝜕2T(z, y, t)
𝜕y2
, (12)
where 𝛼th is the thermal diﬀusivity, taken to be 1.8×10−6 m2/s [Eppelbaumet al., 2014]. We solve this equation
numerically, starting with T(z, y = 0, t = 0) = Tgeo(z) + ΔTco(z) and T(z, y, t = 0) = Tgeo(z), and using an
explicit ﬁnite diﬀerence method:
𝜕T(z, y, t)
𝜕t
≈
T(z, y, tn+1) − T(z, y, tn)
tn+1 − tn
=
T(z, y, tn+1) − T(z, y, tn)
Δt
(13)
and
𝜕2T(z, y, t)
𝜕y2
= 𝜕
𝜕y
(
𝜕T(z, y, t)
𝜕y
)
≈
T(z, yi+1, t) − 2T(z, yi, t) + T(z, yi−1, t)
(Δy)2
, (14)
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which gives, by substituting equations (13) and (14) into (12):
T(z, yi, tn+1) = T(z, yi, tn) + 𝛼thΔt
(
T(z, yi+1, tn) − 2T(z, yi, tn) + T(z, yi−1, tn)
(Δy)2
.
)
(15)
For each time step, we determine a new temperature proﬁle T(z, y = 0, t) (Figure 13b) and then a new (a− b)
proﬁle (Figure 13c) based on T(z, y = 0, t) and the dependency of (a − b) on temperature derived from
laboratory experiments discussed above.
This simplemodel shows that, indeed, the friction properties can change from velocity weakening to velocity
strengthening due to coseismic shear heating, leading to temporary VS behavior in the main seismogenic
zone (Figure 13d) which could explain the observed afterslip in this area. If this eﬀect really takes place in
nature, it questions the common assumption that rate-and-state frictional properties of faults do not change
on the scale of available geodetic observations.
In situ observations of shear heating during an earthquake are diﬃcult to obtain. The occurrence of pseu-
dotachylites (veins of dark aphanitic rock) is direct evidence that the coseismic increase of temperature may
exceed the solidus. As an example, in the Kodiak accretionary complex (Alaska), Rowe et al. [2005] have docu-
mented the existence of pseudotachylites along a former subduction thrust, within an argillaceous mélange
similar to the Lichi mélange that bounds the southern section of the LVF. Nevertheless, such indisputable
evidence of frictional heating is not frequently observed along the exposed fault zones. Borehole temper-
ature measurements following large events can also help to determine the increase in temperature due to
shear heating. The temperature proﬁles from 1.3 to 5.3 years after the 12 May 2008,Mw 7.9 Wenchuan earth-
quake reveal amaximum temperature increase of 0.2∘C [Li et al., 2015]. Similarly, the subseaﬂoor temperature
observatory in the Japan Trench, following theMw 9 Tohoku-oki earthquake (2011), has recorded amaximum
increase of 0.31∘C during the 16 to 25 months after the main shock [Fulton et al., 2013], which is consistent
with an apparent friction coeﬃcient of 0.08. However, as discussed in these twomanuscripts, the temperature
measurements may be aﬀected by the drilling process. Moreover, these two events are not necessarily rep-
resentative of all the physical processes that may happen during an earthquake, especially at greater depth.
Another drilling project has been performed across the Chelungpu fault to investigate the dynamic mecha-
nism associated with the Mw 7.6 Chi-Chi earthquake (Taiwan, 1999). Various methods have been applied to
the core samples to determine the temperature reached in response to frictional heating during the seismic
event. The nonexhaustive list includes thermomagnetic analysis [e.g.,Mishima et al., 2009], geochemical and
isotope studies [Ishikawa et al., 2008], and an analysis of irreversible maturation of carbonaceous materials
induced by heating using vitrinite reﬂectance geothermometry [Maekawa et al., 2014] or using infrared and
Raman spectroscopies [Hirono et al., 2015]. These various analyses suggest that the frictional heating must
have been≥350∘C, with a peak around 700∘C. Therefore, since the Chelungpu and the LVF faults share a sim-
ilar lithology, the maximum temperature increase inferred from this model (278∘C) seems to be a reasonable
approximation (Figure 13b).
6. Conclusion
The spatiotemporal evolution of fault slip on the LVF over the 1997–2010 period is consistent, overall, with
predictions from a simple model in which a VW patch is embedded in a VS area. We estimated the parameter
(a − b)?̄? in the VS areas using the postseismic slip in the kinematic model and in the VW areas using the
dynamic modeling. The corresponding values of (a− b) are consistent with the laboratory measurements on
clay-rich fault zone gouges comparable to the Lichi Mélange, which borders the southern segment of the LVF,
for the eﬀective normal stress distribution that follows the overburden minus hydrostatic pore pressure for
the top 11 km and then stays constant below at∼150MPa. Such distribution, advocated for a number of fault
zones by Suppe [2014], implies an increasing pore ﬂuid overpressure with depth. For regions below 22 km,
the small kinematically inferred values of (a − b)?̄? and laboratory measurements of (a − b) would imply an
even large ﬂuid overpressure and near-zero values of the eﬀective normal stress; however, we caution that the
resolution of the kinematic inversion is much lower in those areas, and hence, the estimates of (a− b)?̄? there
are more uncertain. Our conclusions about the properties of the VW patch are contingent upon the major
assumption that the standard, logarithmic rate-and-state friction dominates its friction response; as detailed
in sections 4.2, 5, and below, other factors, such as enhanced coseismic weakening, may be important. The
estimated values of (a−b) vary along dip, possibly as the result of the depth-dependent temperature increase
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as the laboratory results suggest, but they also vary along strike, probably for another reason such as fault
zone structure and composition.
We have investigated robustness of the technique to estimate the (a − b)?̄? values from postseismic slip by
applying it to the fault slip obtained in the dynamic model and comparing the inferred values to the known
model parameters. While the estimate works well for some cases, there is also a discrepancy which can be as
large as 35%.We hypothesize that the discrepancy arises because the estimation technique assumes that the
fault is in steady state before and during postseismic slip. Exploring the behavior of the dynamic model will
help us devise estimation strategies that would improve this aspect.
Amore realisticmodel of the seismic cycle on the LVFwould require adding complexity to themodel setup, for
example, by assuming more heterogeneous frictional properties, reducing the nucleation size to get a wider
range of earthquake magnitudes, incorporating enhanced coseismic weakening mechanisms, considering
potential change in (a− b) of the seismogenic region from VW to VS and back due to coseismic shear heating
and its oﬀ-fault diﬀusion, and adding the free surface and nonplanar fault geometry. Hence, although the
models shown here are relatively satisfying given their simplicity, the model geometry and parameters could
certainly be further improved to better quantitatively reproduce the wide range of observations available
from the LVF. To take into account the eﬀect of the free surface, another computational method is required,
e.g., one that switches between quasi-static and dynamic ﬁnite element models, as in Kaneko et al. [2011].
Incorporation of coseismic weakening would not only be consistent with the laboratory studies on friction
but also allow us to decouple properties that control earthquake nucleation versus dynamic propagation.
For example, in the present work, smaller values of characteristic slip L not only decrease the nucleation size
and hence increase complexity but also reduce the eﬀective breakdown energy at the crack tip. Note that
there is no direct observational evidence that enhanced weakening mechanisms, such as thermal pressur-
ization of pore ﬂuids [e.g., Bizzarri and Cocco, 2006; Rice, 2006; Noda and Lapusta, 2010; Cubas et al., 2015],
occurred during the Chengkung earthquake. However, our estimates of the coseismic temperature increases
in the shearing zone are both consistentwith the feasibility of shear heatingmechanisms andneeded to avoid
melting of the shearing later. Enhanced coseismic weakening could also explain how the rupture was able to
propagate downdip beyond the locked VWpatch during the Chengkung earthquake [e.g., Jiang and Lapusta,
2016]. However, in that case, more parameters come into play, such as the hydraulic diﬀusivity and shear
zone width.
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